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Abstract 

Magnetic recording needs to have high remanent magnetization and high 

coercivity due to the effects of self-demagnetization and stray fields. Accordingly, in 

the past CoCrPt was used for the material of recording medium. However, because of 

larger thermal fluctuation and noise, it is hard to further enhance the areal density if 

the areal density approaches to 1 Tbit/in2. L10-FePt becomes one of the candidate 

materials due to the high magnetocrystalline anisotropy constant (Ku ~ 7×107 erg/cm3), 

high saturation magnetization (~1140 emu/cm3), high anisotropy field (~116 kOe), 

and minimal stable grain size as small as 3 nm. Therefore, FePt is employed as the 

material of recording media to be studied. Such high Ku materials also makes writing 

difficulty resulting to develop the technology of heat-assisted magnetic recording 

(HAMR) in order to solve the problems of large writing field. The other way is to 

reduce the switching field. In the past, double-layer of exchange spring media have 

been used as the recording media to reduce the coercivity by a factor of 2. Our studies 

concentrate on graded media in order to further decrease the coercivity and maintain 

the thermal stability factor. 

Herein, we explore the magnetic behaviors of L10-FePt graded films three 

approaches: gradient-temperature (Tg), composition (Cg) and working pressure (Pg). 

As a result, Hc⊥ can be reduced by a factor of 2.6, 2.8, and 3.3 for the Cg-, Tg- and 
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Pg-L10 FePt layers, respectively. Both Tg- and Pg-FePt have the similar reversal 

behavior. On the other hand, for Cg-FePt, the magnetization increases sharply upon 

removal of the applied field. This increment in the magnetization is due to the 

presence of reversible magnetization switching arising from the non-coherent rotation. 

Therefore, considering to reduce the switching field and magnetic reversal, Pg-FePt 

film may has the best gradient performance among these three structures. 
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摘要 

磁記錄媒體必須具有很高的殘留磁化 (Mr，remanent magnetization)，矯頑磁

場  (Hc)也要高，才能減少自我消磁效應  (self-demagnetization)以及雜散磁場 

(stray fields)的去磁作用。因此，在過去使用 CoCrPt 基當作記錄媒體的材料，但

其記錄密度在接近 1 Tb/in2 時，將難以再提升以克服熱擾動及雜訊變大的問題。

L10-FePt 材料由於具有高磁晶異向常數 (~7×107 erg/cm3) 、大的飽和磁化量 

(1140 emu/cm3)、大的異向場 (116 kOe)，以及最小穩定的晶粒尺寸大約只有 3 nm，

所以是個很好的候選材料，因此本研究採用 FePt 為記錄媒體研究的材料。 

在記錄密度不斷提升的同時，由於必須使用大的 Ku 材料，也產生了資料越

來越難寫入的問題，熱輔助磁讀技術因此發展出來，解決寫入場過高的問題。另

一個辦法，則是想辦法降低記錄媒體的翻轉場問題，在過去的雙層 exchange 

spring 媒體，可以大約降低硬磁層 Hc的 2 倍大小，為了再進一步降低 Hc的值，

且不降低熱穩定因子的情況下，我們採用多層漸變的 exchange spring 結構。 

本研究之多層漸變的交互彈簧 (exchange spring)結構主要有三種：利用溫度

高低、成分變化，以及壓力變化，製作出三種不同的多層漸變的交互彈簧結構。

結果顯示，成分漸變的結構將 Hc降低了 2.6 倍；溫度漸變將 Hc降低大約 2.8 倍；

而壓力漸變再進一步將 Hc 降低大約 3.3 倍。溫度與壓力漸變結構具有相似的磁

翻轉行為。而成分漸變結構，在去磁過程，由於不一致的磁旋轉 (non-coherent 

rotation)產生，會有一個大的可逆翻轉。因此，考慮降低翻轉場及磁翻轉行為，
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壓力漸變為最佳的漸變膜層結構。 
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Chapter 1 

Introduction 

Nowadays, data storage devices are widely employed in consumer electronic 

products, such as smart phones, digital cameras, computers, and so on. Hard disk 

drives (HDDs) have been traditionally used in computers every day. They become the 

main storage device in daily work. 

Magnetic recording is to store data on a magnetized medium by using magnetic 

material and is a form of non-volatile memory. The information is accessed using one 

or more read/write heads. Its history was first to record data on a wire, then 

subsequently on a tape and a disk, for the contents such as audio, video, and digital 

signals [1]. 

The first magnetic recorder was invented by Valdemar Poulsen in 1898 and 

publicly demonstrated in Paris Exposition of 1900. Poulsen's device recorded a signal 

on a wire wrapped around a drum. Magnetic tape was invented for sound recording by 

Fritz Pfleumer in 1928 in Germany, based on the invention of magnetic wire 

recording by Valdemar Poulsen in 1898. Pfleumer's invention made use of ferric oxide 

(Fe2O3) powder coating on a long strip of paper. This invention was further developed 

by the German electronics company AEG and BASF, the manufacturer of recording 

machines and the manufacturer of the tape respectively [2]. However, reading 

http://en.wikipedia.org/wiki/Magnet
http://en.wikipedia.org/wiki/Non-volatile_memory
http://en.wikipedia.org/wiki/Disk_read-and-write_head
http://en.wikipedia.org/wiki/Valdemar_Poulsen
http://en.wikipedia.org/wiki/Signal_(electrical_engineering)
http://en.wikipedia.org/wiki/Fritz_Pfleumer
http://en.wikipedia.org/wiki/Valdemar_Poulsen
http://en.wikipedia.org/wiki/Iron(III)_oxide
http://en.wikipedia.org/wiki/AEG
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recorded analog signals had been slow and difficult before the first hard disk drive 

invented by IBM in 1956. 

Information is written to and read from the storage medium as it moves devices 

called read-and-write heads that operate very close to the magnetic surface (often tens 

of nanometers) with very high velocity. The read-and-write head is used to quickly 

detect and immediately modify the magnetization of the material under it. 

Accordingly, the roughness of magnetic surface is very important in writing process. 

Magnetic head will be crashed or data will be lost if there are some particles on 

magnetic surface [3]. 

Recording density is a very important issue for medium. In older HDD designs 

the regions were oriented horizontally and parallel to the disk surface. However, about 

in the beginning of 2005, the orientation was changed to perpendicular to allow for 

closer magnetic domain spacing. For reliable storage of data, the recording material 

needs to resist self-demagnetization, which occurs when the magnetic domains repel 

each other. Magnetic domains written too densely together to a weakly magnetizable 

material will degrade over time due to rotation of the magnetic moment or rotation of 

more domains to cancel out these forces. The domains rotate sideways to a halfway 

position that weakens the readability of the domain and relieves the magnetic stresses 

[4]. IBM has proposed the increased areal density up to 1 GB/in2 by using 

http://en.wikipedia.org/wiki/Disk_read-and-write_head
http://en.wikipedia.org/wiki/Perpendicular_recording
http://en.wikipedia.org/wiki/Magnetic_moment
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magnetoresistance (MR) read head; the electrical resistance of the head changed 

according to the strength of the magnetism from the platter. Later development made 

use of spintronics; in read heads, the magnetoresistive effect was much greater than in 

earlier types, and was dubbed "giant" magnetoresistance (GMR). Recording density 

can further increased to 100 GB/in2. Although recording density reached to 100 

GB/in2, it has much difficult to increase by using longitudinal recording due to the 

large demagnetizing field and super-paramagnetic effect. To avoid thermal 

instabilities, a minimal stability ratio of stored magnetic energy, KuV, to thermal 

energy, kBT, KuV/kBT  50-70 [5-8], is required. Where kB, T, Ku, and V are the 

Boltzmann constant, measuring temperature, anisotropy energy constant, and 

switching volume, respectively. Films of L10-FePt were identified as one of the 

promising candidates for next-generation media with recording density exceeding 1 

Tbit/in2, owing to their large magnetocrystalline anisotropy, Ku (5106 J/m3), as shown 

in Table 1-1 [9]. However, this high Ku material poses writing difficulty because of 

unfavorable increase in coercivity (Hc). Moreover, the strength of strong inter-grain 

coupling or the distribution of large grain size increases noise. It is very hard to have 

properties of low noise, good writability and high thermal stability at the same time. 

Consequently, it is important to compromised properties. 

In order to overcome superparamagnetic effect and further increased areal 



http://en.wikipedia.org/wiki/Magnetoresistance
http://en.wikipedia.org/wiki/Spintronics
http://en.wikipedia.org/wiki/Giant_magnetoresistance
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density, perpendicular recording is a technology considered to alternate longitudinal 

recording [10, 11]. Perpendicular recording was invented by Iwasaki in 1975 [12], and 

first shipped in 2005. This technology was used in many HDDs in 2007. Weller et al. 

have calculated that FePt could be thermally stable, even for grain size as small as 3 

nm [13]. Suppose that it is possible to make such small grains and information could 

be well written on these materials, the areal density that can be achieved with FePt 

could easily surpass 1 Tbits/in.2 [14].  

Nowadays, the recording density of commercial HDD with 3.5 inch is 500 

Gbits/in2 [15]. Given an areal density of 620 Gbits/in2, current available 3.5-in hard 

drives have the maximum capacity of 3TB. Laptop drives, or 2.5-in drives, top out at 

750GB or roughly 500 Gbits/in2 [16]. In 2012, Seagate has demonstrated the first 

terabit-per-square-inch hard drive, almost doubling the areal density found in modern 

hard drives. Initially this will result in 6TB 3.5-inch desktop drives and 2TB 2.5-inch 

laptop drives, but eventually Seagate is promising up to 60TB and 20TB respectively. 

To achieve such a huge leap in density, Seagate had to use a technology called 

heat-assisted magnetic recording (HAMR). In 2013, WD was announced the 

maximum areal density of about 750 Gbits/in2 but HAMR researchers expect to reach 

4 Tbits/in2. In order to reach the areal density of 1Tbits/in2, for square grains, the side 

length needs to be smaller than 25.4 nm, and for circular grains, the radius needs to be 
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smaller than 14.43 nm. A variety of different proposals for the other media have been 

made, with the aim of increasing areal density and reducing noise, e.g. granular 

recording media and percolated media [17, 18]. 

The CoCr alloy was the original media proposed by Iwasaki et al. in the late 

1970s [19]. Since then, modifications of Co alloys such as CoCrPt, CoCrTa, CoCrNb, 

CoCrPtNb, and CoCrPtB were used as the recording layer materials for 20 years 

[20-27]. As the areal density increases beyond 500 or 600 Gbits/in2, the recording 

media based on CoCr could face a thermal instability problem. Therefore, alternative 

materials or methods of recording schemes are needed to move the magnetic 

recording industry forward. One such material that has the potential to support 

high-density perpendicular recording is highly anisotropic FePt. 

Films of L10-FePt were identified as one of the promising candidates for next- 

generation media with recording density exceeding 1 Tbit/in2, due to their large 

magnetocrystalline anisotropy, Ku. However, this high Ku material poses writing 

difficulty because of unfavorable increase in coercivity (Hc). Decreasing the Hc values 

without compromising the thermal stability of FePt films has been considered as one 

of the major challenges for recording media. During the recent years, these issues 

have been addressed and resolved by generating exchange-spring media and 

graded-media structures of L10-FePt films. In consequence, in this research we 
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propose graded L10-FePt(001) films processed by gradient temperature, composition, 

and working pressures.  
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alloy 

system 
material 

Ku 

(107erg/cm3) 

Ms 

(emu/cm3) 

Hk 

(kOe) 

Tc 

(K) 

δw 

(Å) 

γ 

(erg/cm3) 

Dc 

(μm) 

Dp 

(nm) 

 CoPtCr 0.2 298 13.7 -- 222 5.7 0.89 10.4 

Co-alloys Co 0.45 1400 6.4 1404 148 8.5 0.06 8.0 

 Co3Pt 2.0 1100 36 -- 70 18 0.21 4.8 

 FePd 1.8 1100 33 760 75 17 0.20 5.0 

L10 FePt 6.6-10 1140 116 750 39 32 0.34 3.3-2.8 

Phase CoPt 4.9 800 123 840 45 28 0.61 3.6 

 MnAl 1.7 560 69 650 77 16 0.71 5.1 

Rare-earth Fe14Nd2B 4.6 1270 73 585 46 27 0.23 3.7 

Transition 

metals 
SmCo5 11-20 910 240-400 1000 22-30 42-57 0.71-0.96 2.7-2.2 

 

 Anisotropy field: Hk = 2Ku/Ms 

 Domain wall width: δw = π (A/Ku)
1/2 

 Domain wall energy: γw   4 (A/Ku)
1/2 

 Single particle domain size: Dc = 1.4 γw / Ms
2 

 Exchange couple constant: A = 10-6 erg/cm 

 Minimal stable grain size: Dp = (60kBT/Ku)
1/3 (τ = 10 years) 

 

 

 

  

Table. 1-1 Properties of hard magnetic materials. [9] 
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Chapter 2 

Background 

2-1 Media Classification 

In order to achieve a narrower bit boundary and high recording density, it is 

essential to reduce the grain size and to reduce the exchange and magnetostatic 

interaction between the grains. For longitudinal recording, it is hard to reach 100 

Gbit/in2. However, it is easy for perpendicular recording to accomplish such density 

due to the lower demagnetization field [28]. 

In order to increase the areal density, small grain size is a necessary requirement. 

However, grain size cannot decrease any more to resist the thermal fluctuation, data 

will be erased due to superparamagnetic effect. As shown in Table 1-1, films of 

L10-FePt were identified as one of the promising candidates for next-generation media 

due to the stable grain size as small as 2.8-3.3 nm. As forementioned in chapter 1, 

signal-to-noise retio (SNR), thermal stability, and writability is the trilemma of 

magnetic recording. As the result, it is necessary to select the compromising 

properties. The expense of using high Ku material is the increased coercivity (Hc). 

Consequently, reducing the switching field becomes one of the important topic. 

Several solutions have been accomplished by different methods. 

a. Tilted recording media [14] 
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Suppose the anisotropy easy axis is tilted with respect to the applied field 

direction, then the effective writing field need to switch the magnetization would be 

lower. When easy axis tilts 45° from the film direction, switching field is the lowest 

condition. 

b. Heat assisted magnetic recording (HAMR) media [29] 

HAMR is a technology that magnetically records data on high-stability media 

using laser thermal assistance to first heat the material at Curie temperature. Under 

Curie temperature, the coercivity of media material would be reduced obviously. 

c. Exchange spring media 

As discussed earlier, writability will be a serious problem for media with high 

anisotropy. To overcome this problem, exchange-couple composite of double layer 

and multilayer graded media was proposed and discussed in sections 2-3 and 2-4. 

Both in this two media, a soft magnetic grain and a hard magnetic grain are coupled to 

each other. 

2-2 Properties of FePt Perpendicular Anisotropy 

The equilibrium phases of Fe-Pt are rather complex. There are three different 

order phase in Fe-Pt system: L10-FePt (face-centered tetragonal structure, fct), 

L12-Fe3Pt (face-centered cubic, fcc), and L12-FePt3, as shown in Fig. 2-1 [31]. 

L10-FePt and L12-Fe3Pt is ferromagnetic material at room temperature; L12-FePt3 is 

http://en.wikipedia.org/wiki/Laser
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antiferromagnetism below Néel temperature (TN = 160K), and is paramagnetism at 

room temperature. 

Perpendicular anisotropy can enhance by using MgO(100) substrate or by rapid 

thermal annealing. This difference can be explained as followings. For the first 

method, large lattice mismatch between FePt and MgO enhanced the FePt(001) 

texture. For the second method, films of FePt generate tensile stress along film 

direction, which result in the enlarged a-axis and compressive c-axis. Consequently, it 

is to promote the order parameter and perpendicular anisotropy at the same time. 

2-3 Exchange-spring Films 

The exchange-spring concept was firstly proposed by E. F. Kneller and R. 

Hawing in 1991 while the purpose was to enhance the product value of (BH) [32]. 

Combining the properties of hard and soft magnetic material, the purpose is to 

decrease the switching field. For applications, hard material provides high coercivity 

and soft material provides high magnetization. 

Victora and Shen proposed exchange-couple composite media in 2005. Coupling 

with hard and soft magnetic layer reduces the switching field during the writing 

process. The switching mechanism is explained as followings [33, 34]. At a large field, 

all the magnetic moments are directed toward the saturation magnetization. When the 

field is decreased/increased to the nucleation field of the top soft layer, small reverse 
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domains are nucleated. Subsequently, the magnetization reversal in the graded part is 

induced by the propagation of anti-parallel domain. So the magnetic moments of 

softest layer start to depart from the easy axis with reduction in applied field. The 

switching of the upper part of the soft layer occurs at the applied field close to the soft 

layer anisotropy field. The domain wall is then pinned near the hard/soft interface 

with a pinned field (Hp). As the field is further increased the domain wall in the soft 

layer is compressed and it penetrates more and more into the hard layer. Further 

increasing the applied field leads in the domain wall suddenly depinning from the 

hard/soft interface and immediately propagating through the entire hard layer [35]. 

Generally speaking, high thermal stability factor (KuV
*/kBT) is requirement for 

magnetic grain to bear the thermal fluctuation. Eventually, large grains also have large 

thermal stability as described as the following equation: 

                              









Tk

VK

c B

u

*

 e x p
1

                     (2-1) 

Where τ, Ku, V
*, kB, KuV

*, kBT are the relaxation time, anisotropy constant, switching 

volume, Boltzmann constant (1.38×10-16 erg/K), energy barrier, and thermal energy, 

respectively. It is superparamagnetism as KuV
*/kBT = 1; τ = 1 minute, 7.5 years, 109 

years as KuV
*/kBT = 25, 40, 60, respectively. Generally speaking, the required value 

of KuV
*/kBT is at least 50 [5-8]. 

For comparison of ECC media and conventional media, decreasing the switching 
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field and maintaining its thermal stability is one of the key points. To evaluate the 

merit, a gain factor was defined as )/(2 VHME SWs  , where E  is the 

thermal energy barrier, Ms is the saturation magnetization, 
SWH  is the switching field, 

and V is the activation volume. For conventional media,   is supposed to be 1, and 

for ECC media,   should be larger than 1, because the ECC media is more 

switchable than the conventional media with the same thermal stability. According to 

the two-spin model, the limit of the   for bilayer ECC media is 2. For graded media, 

  may further increase up to 4 [36]. 

If experimentally the ratio of the exchange in the softer layer to the exchange in 

the harder layer can be increased, the performance of exchange spring media can be 

improved. According to Ref. 37, a reduction of the exchange constant in the hard 

magnetic layer leads to a further reduction of the coercive field. Again, this 

accompanied by a decrease in thermal stability, since the maximum possible energy 

barrier is given by the domain wall energy. However, care has to be taken that larger 

values of the exchange constant in the soft magnetic layer require larger layer 

thicknesses because a significant reduction of the coercive field will only be possible 

if a full domain wall can be formed within the soft magnetic layer [38]. 

Micromagnetic simulation that takes into account both coercivity and thermal 

stability has shown that the magnetization in the softer layer should be similar to the 
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magnetization in the hard layer in order to maximize thermal stability for a given 

coercivity (or write field) [38]. 

The coercivity of bilayer ECC media is determined by the pinning field [39]. For 

zero anisotropy in the soft layer, the coercive field is reduced by a factor of 4 

compared to the coercive field of the hard layer alone. For higher values of the 

anisotropy in the softer layer the pinning field can even decreased further [38]. The 

pinning field can be written as 

 

hard

softhard

p
J

KK
H




2

4

1
,                    

(2-2) 

where Khard and Ksoft are the magnetocrystalline anisotropy parameter of the hard layer 

and soft layer, respectively, and Jhard is the magnetic polarization of the hard layer. 

The optimal value (obtaining the lowest coercive field) of the anisotropy in the 

soft layer is obtained if the nucleation field equals the pinning field. This is the case 

for Ksoft = (1/5)Khard [40, 41]. 

2-4 Graded Films 

Suppose the hard layer does not reverse completely due to the large interfacial 

pinning field, the additional step appears in the hysteresis loop. In contrast, graded 

films can remove the step, effectively reduce the coercivity and optimize the magnetic 

reversal behavior by smoothing the vertical motion of the domain wall from the 
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surface (low Ku) to the hard layer, which results in maintainable of high thermal 

stability [39]. V. Alexandrakis et al. proposed the structurally gradient layered A1/L10 

films by heat treatment of magnetron sputter deposited CoPt/FePt bilayers. After 

annealing, diffusion creates a gradient structure along the film plane normal direction. 

When the thickness of soft layer is increased to 120 nm, Hc decreases from 4.3 to 0.8 

kOe [42]. 
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[31] 

 

 

 

  

Fig. 2-1 The magnetic structure of L12-FePt3 in the Q1 phase (a) and the Q2 phase (b) 

are shown. The gray spheres represent the Fe atoms, which form a simple cubic 

lattice, and the white spheres represent Pt atoms [31]. 
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Chapter 3 

Experimental Techniques and Methods 

3-1 Flow Chart of Experiment 

3-2 Sample Preparation 

3-2-1 Equipment 

Our sputtering machine is ultra-high vacuum multilayer sputter system and was 

made by ULVAC Technologies, Inc. The machine has two isolated chambers: main- 

and loading-chamber. There are 8 guns, 2 dc- and 1 rf-power supply on main-chamber. 

Samples are put in loading-chamber until 5×10-7 Torr. Sequentially, we load samples 

into the main chamber with a mechanical arm and then start to deposit films until 5×

10-8 Torr. During deposition processing, the maximum dc bias and substrate 

temperature is ±800V and 650℃, respectively. The maximum annealed temperature 

Corning 1737 glass substrate 

temperature-graded 

FePt 

composition-graded  

FePt 

 

pressure-graded  

FePt 

Composition 

EDS 

Magnetic 

Properties 

VSM 

SQUID 

MFM 

Microstructure 

SEM 

TEM 

XRD 

Orientation 

XRD 
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in loading-chamber is 450℃. In addition to these functions, we can also use high 

purity ion to bombard on film surface or to anneal with magnetic field. The sputtering 

machine and target map was drawn in Fig.3-1 and 3-2, respectively. 

3-2-2 Substrate Preparation 

Substrate is 1737 corning glass for which size is 6.8 mm × 6.8 mm × 0.7 mm. It 

is very important to clean substrates before using it. First, substrates should be 

immersed in acetone and cleaned by ultrasonic vibrations. Subsequently, substrates 

are stored in alcohol. Before sputtering, it is very important to make sure that there are 

no particles on substrate. 

3-2-3 Target Selection 

The composition of Fe and Pt targets are 99.99% and MgO is 99.7% for which 

diameter and thick are 3-inch and 3-mm, respectively. 

3-3 Fabrication of graded FePt 

3-3-1 Temperature-graded FePt 

MgO film were prepared by radio-frequency sputtering in the ultrahigh vacuum 

system with 5 mTorr of Argon working pressure (Deposition rate of MgO is 0.1914 

nm/min ). The MgO underlayer with 10-nm thick was firstly deposited on Corning 

1737 glass substrate at room temperature (RT) and followed by a post annealing at 

high temperatures (550℃). 



 

18 

 

Sequentially, all FePt films were deposited by conventional dc magnetron 

sputtering with 10 mTorr of Argon working pressure (Deposition rate of FePt is 

0.4790 nm/min). Two series of samples were prepared. The statement can be 

explained as follows. 

1. Experimental Group (hard layer + graded layer) 

The films consisted of a hard magnetic layer and a graded portion. The hard 

magnetic layer with a constant thickness of 5 nm, was deposited at Td of 550℃. The 

graded layer comprised five FePt layers that were deposited at descending Td values 

of 450℃, 350℃, 250℃, 150℃, and RT. The thickness of each layer was set to 1, 2, 

and 3 nm, yielding a total thickness of the graded portion (tg) of 5, 10, and 15 nm, 

respectively. The film structure was drawn in Fig.3-3 (a). 

2. Control Group (hard layer + soft layer) 

The films consisted of the same hard layer as the aforementioned, and a soft 

layer of disordered A1 FePt that was deposited at RT. The thicknesses of the soft 

layer (ts) were 5, 10, and 15 nm, equal to tg. The film structure was drawn in Fig.3-3 

(b). 

3-3-2 Composition-graded FePt 

FePt thin films were deposited by radio frequency rotational magnetron 

co-sputtering. (Deposition rate of FePt is 0.4790 nm/min). The base pressure was 
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below 5×10-8 Torr and the working pressure was kept at 10 mTorr. A MgO underlayer 

with thickness of 10 nm was firstly deposited on Corning 1737 glass substrate at room 

temperature (RT), followed by a post annealing at 550℃ to induce (001) texture of 

L10-FePt (Deposition rate of MgO is 0.1914 nm/min ). The FePt graded film 

comprises three layers with different Fe compositions; they were FePt (5 nm), 

Fe63Pt37 (2 nm) (Deposition rate is 0.4380 nm/min), and Fe73Pt27 (3 nm) (Deposition 

rate is 0.5355 nm/min). A FePt layer, the hard layer with high Ku , was deposited on 

MgO underlayer at 550℃. Then the Fe63Pt37 and Fe73Pt27 were sequentially deposited 

at temperature (Td) between 300 and 450℃ to develop (001) texture and form 

magnetic anisotropy gradation arising from compositional gradient by interdiffusion. 

The film structure was drawn in Fig.3-3 (c). 

3-3-3 Pressure-graded FePt 

The graded L10-FePt (001) magnetic films were prepared in a ultra-high vacuum 

(UHV) magnetron sputtering system. Prior to deposit FePt layer, an underlayer of 

10nm-thick MgO initially was grown on glass substrate at room temperature (RT) and 

post-annealed at 550C to induce (001)-texture in the FePt hard layer. (Deposition rate 

of MgO and L10-FePt is 0.1914 and 0.4790 nm/min, respectively.) Then a 5-nm- thick 

FePt hard layer was deposited and subsequently five 1-nm thick FePt layers were 

grown sequentially with Pw = 30, 20, 10, 7 and 3 mTorr. (Deposition rate of FePt with 
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Pw = 30, 20, 10, 7 and 3 mTorr is 0.2507, 0.3213, 0.4048, 0.3797, 0.3778 nm/min, 

respectively.) The FePt(Pw)-graded films were fabricated by varying the deposition 

temperatures, Td = 300, 350, 400 and 450C. The film structure was drawn in Fig.3-3 

(d). 

3-4 Analysis Technique 

The crystal structure was examined by x-ray diffractometer (XRD) with Cu-Kα 

radiation; while the surface and cross-section morphology was investigated by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. 

The magnetic properties of 5-nm-thick L10-FePt hard layer and FePt(Pw)-graded 

structures were analyzed by vibrating sample magnetometer (VSM) at RT. 
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Fig. 3-1 Photograph of ultra-high vacuum deposition system. 
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Fig. 3-2 Schematic of target map. 
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 Fig. 3-3 Different types of graded FePt system：experimental group (hard layer + 

graded layer) (a) and control group (hard layer + soft layer) (b) of 

temperature-graded FePt；composition-graded FePt (c) and pressure-graded FePt 

(d). 
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Chapter 4  

Results and Discussion 

The order parameter (S) of L10-FePt is the crucial property which controls the 

intrinsic magnetic properties of films, particularly the magnetic anisotropy. The order 

parameter has been defined as [43] 
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where s refer to the superlattice peaks and f refers to the fundamental peaks. Is
* and If

* 

are the theoretical integrated peak intensities for a fully ordered L10-FePt film, while 

Is and If are the integrated peak intensity from the experimental results for a partially 

ordered film. Suppose S = 1 represents that L10-FePt is fully ordered. For our 

calculations, we chose L10-(001) superlattice and L10-(002) fundamental peak to 

calculate the order parameter in order to prove that our L10-FePt films are highly 

textured. The theoretical fully ordered peak intensity for L10-FePt from X-ray 

diffraction is given by [43] 
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where F is the structure factor, m is the multiplicity factor (m = 2 for both L10-(001) 

and L10-(002)), L is the Lorentz factor (
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absorption factor. For L10-FePt structure, suppose the Fe atoms occupy the (0 0 0) and 

(1/2 1/2 0) lattice sites and the Pt atoms occupy the (1/2 0 1/2) and (0 1/2 1/2) lattice 

sites, the structure factor of L10-(001) and L10-(002) peak can be calculate as [43] 

3)-(4                             )()1( )()()( hlilki

Pt

khi

Fehkl eefefF   
 

where fFe and fPt are the atomic scattering factors of Fe and Pt which are shown in Fig. 

4-1 [43].The absorption correction factor (A) is an angular (θ) dependent function 

given by [43] 

 

where t is the film thickness, θ is diffraction angle of x-ray, and μ is the average of 

mass absorption coefficient calculated as [43] 
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where Fe)(



 and Pt)(




 are the mass absorption coefficient of Fe and Pt, Fe  and 

Pt  are the weight fraction of Fe and Pt, and FePt  is the density of FePt. The order 

parameter (S) can be determined by combining the Eqs. (4-1)-(4-4) and showing the 

values as seen in Table 4-1. 

The potential of L10-FePt films can be fully harnessed in recording media by 

significantly reducing their high coercivity without sacrificing magnetocrystalline 

anisotropy (Ku). Firstly, the L10-FePt intensity of (001) is necessary to examine by 

XRD. Secondly, island-like morphology is need to check with SEM. If the texture 
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changes from (001) to (111) or (002) to (200), then Ku will get smaller, resulting 

degraded perpendicular anisotropy. 

4-1 Temperature-graded FePt 

Two series of samples are prepared by different film structures and explained as 

followings. They were Tg-FePt films with experimental group (hard layer + graded 

layer) and control group (hard layer + soft layer) as shown in Fig. 3-3 (a) and (b) 

respectively. 

The experimental group films consist of a hard magnetic layer and a graded 

portion. The hard magnetic layer with a constant thickness of 5 nm, similar to that of 

the commercial magnetic recording medium, deposited at Td of 550˚C. The graded 

layer comprised five FePt layers that were deposited at descending Td values of 450, 

350, 250, 150˚C, and RT. The thickness of each layer was set to 1, 2, and 3 nm, 

yielding a total thickness of the graded portion (tg) of 5, 10, and 15 nm, respectively. 

The control group films consisted of the same hard layer as the graded films, and a 

soft layer of disordered A1 FePt that was deposited at RT. The thicknesses of the soft 

layer (ts) were 5, 10, and 15 nm, equal to tg. 

Figures 4-2(a)-2(g) present XRD patterns of the hard layer, exchange-spring 

films of experimental and control group. In Fig. 4-2(a), strong (001) and (002) peaks 

reveal the formation of a highly ordered L10 phase with a (001) preferred orientation, 
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induced by the MgO(002) underlayer in the 5nm-thick hard layer sample. The weak 

(111) and (200) peaks reveal a small amount of misaligned component. In the graded 

films with tg = 5, as shown in Fig. 4-2(b), the extent of (001)-texture is similar to that 

of the hard layer. When tg = 10 nm [Fig. 4-2(c)], the intensity of (001) and (002) peaks 

increases, revealing that the graded layer grows mainly along [001] following the 

growth of the hard layer. The increase in the amount of the (200) component suggests 

that the c-axis orientation of the misaligned grains in the graded part of the film is 

mainly in-plane. The intensity of (001) and (200) is much lower for the graded film 

with tg = 15 nm, as shown in Fig. 4-2(d). This result is attributed to the lateral growth 

of the grains, as revealed in Fig. 4-2, which results in tilting of the c-axis away from 

film normal to the plane. Unlike in experimental group films, the (001) texture is 

degraded in the control group samples, even at the smallest ts of 5 nm [Fig. 4-2(e)]. As 

ts increases, the (111) peak grows. In the sample with ts = 15 nm, the preferred 

orientation is (111), as shown in Fig. 4-2(g). Although the surface morphology of the 

hard/soft samples is similar to that of the hard bottom layer, the disordered FePt soft 

layer does not exhibit the (001) texture, because the low deposition temperature (RT) 

suppresses diffusion, leading to the (111)-texture, which is the most stable atomic 

arrangement for fcc metal films. 

The alignment of crystal axes was studied using the rocking curves of L10 (001) 
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peak as shown in Fig. 4-3(a). The experimental data are shown in Fig. 4-3(b) and the 

full width at half maximum (FWHM) is obtained by fitting Gaussian function and the 

results are plotted as a function of Td in Fig. 4-3(b). For comparison, the value of 

FWHM for the single 5-nm-thick L10 FePt is also included in the figure. It is noted 

that the value of FWHM increase substantially from 3.1 to 4.97° as tg is increased 

from 5 to 15 nm. The increasing values of FWHM reflect a degraded (001)-texture 

with the deposition of graded layers at elevating tg. 

Figure 4-4 displays SEM images of the hard layers, exchange-spring films of 

experimental and control group with various thicknesses. The 5nm-thick hard layer 

exhibited an island-like morphology with grain size of 16 ± 7 nm and average 

inter-granular distance of 10 nm, respectively [Fig. 4-4(a)]. As the thickness of the 

hard layer increased to 20 nm, the size of the island gradually increased to about 97 ± 

33 nm and the separation between grains increased to 15-20 nm, as presented in Fig. 

4-4(b). Interestingly, the deposition of graded and soft layers seemed not to affect 

particle size. The morphology of the exchange-spring films of experimental and 

control group with tg = ts = 5 nm [Figs. 4-4(c) and 1(d)] is similar to that of the island 

structure of the 5nm-thick hard layer and both of its grain size is 15 ± 5 nm, although 

with a slightly smaller particle separation. Different surface morphologies were 

observed when tg and ts were increased to 15 nm. The particles were connected to 
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each other, forming a network in the graded film, because of the lateral growth of the 

islands; the hard/soft sample maintained a particulate surface but with a smaller 

separation, as displayed in Figs. 4-4(e) and 1(f). The retention of the particle size and 

the reduced separation between particles in the graded and hard/soft films suggest a 

ledge-type microstructure [44], where the graded or soft layer has a larger horizontal 

length than the underlying hard magnetic islands. This ledge structure, proposed by 

Lomakin et al. [45], allows for a drastic reduction of the switching field and 

precessional magnetic reversal, enhancing the writability of a patterning media [45, 

46]. 

Figure 4-5 plots in-plane and out-of-plane hysteresis loops for the hard layer, 

exchange-spring films of experimental and control group. The hard layer samples 

with thicknesses of 5 and 20 nm have a large perpendicular coercivity (Hc) of 17.5 

and 14.3 kOe, respectively, as presented in Figs. 4-5(a) and 3(b). The maximum 

applied magnetic field of 2 T is not sufficient to saturate the films, causing 

asymmetric hysteresis especially in the 5nm-thick sample. The experimental group 

films have smaller Hc. As tg is increased from 5 to 15 nm, Hc declines from 12.5 to 

8.2 kOe. The sample with tg = 5 nm has a linear demagnetization curve beyond the 

nucleation point, indicated by the arrow in Fig. 4-5(c), suggesting that the coupling 

between the hard and graded layers is strong so that the magnetization switches 
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coherently. The curve has a small slope, typical of (001)-textured island-like films [47, 

48], and indicative of independent magnetic reversal. The increased in-plane magnetic 

component in the film with tg = 10 nm is consistent with the aforementioned increased 

intensity of the (200) peak. The increased tg and in-plane magnetic component smooth 

the demagnetization curve, as indicated in Fig. 4-5(e). The film with tg = 15 nm [Fig. 

4-5(g)] has a different reversal path. First, spontaneous demagnetization occurs at 

around 1 T (-1 T) in the descending (ascending) region of the hysteresis loop before 

the removal of the applied field. This phenomenon may be caused by tilting of the 

magnetization in the top of the graded part where Ku is quite small. Second, the 

reversal that is induced by the formation and propagation of anti-parallel domain in 

the graded part takes place in a field of 0 to ± 8 kOe. Similar behavior has been 

identified in FePt (111)-textured films with Ku gradation [49]. Lastly, the hard layer 

switches in high fields. This reversal mechanism effectively reduces Hc by a factor of 

2.2. However, the control group films also exhibit a significant drop in Hc, but the 

magnetic properties and reversal mechanism differ from those in the graded samples 

of experimental group. Figure 4-5(d) shows a low squareness ratio of 0.6 and a large 

in-plane magnetic component for the sample with ts = 5 nm. The magnetic moments 

near the surface of the soft layer tilt toward the in-plane direction because of the weak 

coupling force from the bottom hard layer, resulting in a reversible change in 
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magnetization in the first (third) quadrant. When ts increases to 10 and 15 nm, the 

films become in-plane magnetic anisotropic, as shown in Figs. 4-5(f) and 3(h), where 

the shape anisotropy dominates in the most part of the soft layer. 

Figure 4-6 plots the dependence of the perpendicular coercivity (Hc⊥) as a 

function of tg. The value is normalized to the coercivity of 5nm-thick hard layer. The 

Hc declines from 17.5 kOe for the 5nm-thick hard layer to 8.2 kOe for the graded 

films with tg = 15 nm. It is noted that Hc⊥ drops drastically by a factor of 2.1 as 

graded layer thickness tg = 15 nm. Hc⊥ value tends decrease gradually with increase 

of tg. 

Figure 4-7 shows the perpendicular hysteresis loops and recoil curves of 

5-nm-thick L10-FePt hard layer and Tg-FePt (tg = 5 nm). Fig. 4-8 reveals the reversible 

and irreversible magnetization as a function of the applied reversal field (Hr) for 

L10-FePt and Tg-FePt. This quantity was defined as [50, 51] 

)()( HMHMM drev                       (4-6) 

)(HMMM drirr                          (4-7) 

where Mr is the remanent magnetization of major loop, Md(H) is the remanent 

magnetization obtained after removing the applied field from Hr. M(H) is the 

magnetization obtained at Hr. In the case of L10-FePt, upon removal of the applied 

field (Hr) during demagnetization process, only slightly increased magnetization can 



 

32 

 

be found, indicating the switching mechanism is dominated by irreversible switching.  

On the other hand, for Tg-FePt, the magnetization increases sharply upon removal of 

the applied field. This increment in the magnetization is due to the presence of 

reversible magnetization switching. 

First-order reversal curve (FORC) measurements are employed in order to 

provide a detailed analysis of the reversal mechanisms and the induced anisotropy 

gradient. The FORC curves are follow the procedure: After positive saturation the 

applied field is reduced to a given reversal field, Hr. From this reversal field the 

magnetization is measured back towards positive saturation thereby tracing out a 

single FORC. This process is repeated for a series of decreasing reversal fields. The 

FORC distribution is then defined as a mixed second order derivative of normalized 

magnetization: 
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which is then plotted against (H, Hr) coordinates on a contour map. For a given 

reversal field (Hr), the magnetization is measured for increasing applied field (H), and 

therefore H ≧ Hr by design. Families of FORCs and the corresponding FORC 

distribution are shown in Fig. 4-9. A single and highly localized peak along with a 

pair of negative-positive tails was observed in the FORC distribution, suggesting the 
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existence of both soft and hard phase. 

 Figure 4-10 presents MFM images of the hard layer, graded, and hard/soft 

samples. The domain size of the 5nm-thick hard layer, shown in Fig. 4-10(a), is 

around 50 nm, which exceeds the observed island size of 15-25 nm, confirming the 

interaction domain structure. The contrast is weak because the film is thin. As the 

thickness of the hard layer is increased from 10 to 20 nm, the growth of the island 

results an increase in the domain size from 80-100 to 150-200 nm, respectively [Figs. 

4-10(b) and 4(c)]. The graded films with tg = 5 and 10 nm [Figs. 4-10(d) and 4(e)] 

have similar domain sizes, which are slightly larger than that of the 5nm-thick hard 

layer but smaller than that of the 10nm-thick hard layer, revealing that the domain size 

is controlled by the hard layer via strong exchange coupling. Larger domains appear 

in the film with tg = 15 nm, but their average size is still smaller than that of the 

20nm-thick hard layer. The hard/soft samples - even including the thinnest sample 

with ts = 5 nm - yield a rather weak image contrast. The weakened contrast reflects 

weak magnetic flux normal to the film plane, possibly caused by the interconnection 

of grains in the soft layer, which facilitates the tilting of magnetization to in-plane. 

The domain size of the hard/soft samples is larger than that in the graded films of the 

same thickness and increases with ts as shown in Figs. 4-10(g)-(i). 

4-2 Composition-graded FePt 
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In this section, the Fe73Pt27/Fe63Pt37/L10-FePt(001) trilayer was proposed to 

realize the perpendicular graded behavior. First, a hard layer of FePt with a nominal 

thickness of 5 nm was deposited onto a (001)-texture MgO at 550˚C. Afterwards, 

Fe63Pt37 and Fe73Pt27 layers with different Ku were deposited sequentially at 

temperature (Td) between 300 and 450˚C to develop (001) texture and form magnetic 

anisotropy gradation arising from compositional gradient by interdiffusion. 

Figures 4-11 and 4-12 present the XRD patterns of the hard layer with 5 and 10 

nm in thickness and graded films, respectively. In Fig. 4-11(a), strong (001) and (002) 

peaks are observed in both samples, confirming the formation of highly ordered L10 

phase with a (001) preferred orientation. In 10 nm-thick hard layer, weak (111) and 

(200) peaks appear, which indicates a small amount of misaligned grains. In the 

graded film with Td = 300˚C, the intensities of (001) and (002) peaks are weaker as 

compared to those of the single hard layer sample, suggesting the misalignment of the 

graded layer due to the low processing temperature. When Td is increased to 350 and 

400˚C, as shown in Figs. 4-12(b) and (c), the intensities of (001) and (002) peaks 

become much stronger, indicating good alignment of the graded layer. As Td reaches 

450˚C, both (001) and (002) peaks disappear and a small (111) peak emerges, as 

shown in Fig. 4-12(d). 

The alignment of crystal axes was studied using the rocking curves of L10 (001) 



 

35 

 

peak as shown in Fig. 4-13(a). The experimental data are shown in Fig. 4-13(b) and 

the full width at half maximum (FWHM) is obtained by fitting Gaussian function and 

the results are plotted as a function of Td in Fig. 4-13(b). For comparison, the value of 

FWHM for the single 5-nm-thick L10 FePt is also included in the figure. It is noted 

that the value of FWHM increase substantially from 3.1 to 4.69° as Td is increased 

from 350 to 450℃. The increasing values of FWHM reflect a degraded (001)-texture 

with the deposition of graded layers at elevating Td. 

Figure 4-14 shows the SEM images of the hard layer with 5 and 10 nm in 

thickness and graded films. Both 5nm and 10nm-thick hard layers exhibit an 

island-type morphology [Figs 4-14(a) and (b)]. The size of the grains for the 

5nm-thick film is 16 ± 7 nm and the average separation of the particles is around 6 to 

10 nm. As the thickness of the hard layer increases to 10 nm, the size of the islands is 

gradually enlarged to 38 ± 16 nm and the separation between the grains increases to 

6-13 nm, as revealed in Fig. 4-14(b). The SEM images indicate that the surface 

morphology at Td = 300˚C is almost identical to the single hard layer sample as shown 

in Fig. 4-14(c). This result confirms that the graded layer is stacked directly on the 

hard FePt L10 island grains. When Td is increased to 350˚C [Fig. 4-14(d)], a slight 

increase in the average island-type particle size accompanied with a reduction in grain 

separation is observed. The islands start to coarsen and interconnect forming a 
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network structure at Td ≥ 400˚C, as indicated in Fig. 4-14(e) and (f). The evolution of 

surface morphology may be explained by the change in film texture. At high Td, lateral 

growth of the grains leads to texture reorientation of the FePt grains, resulting in c-axis 

incline from the film plane normal. On the other hand, since the morphology of hard layer 

is fixed, the reduced separation between the grains in the graded films (Td ≥ 400˚C) 

suggest a ledge-type microstructure [49], where the graded layers have a larger horizontal 

length than the underlying hard magnetic islands. This ledge structure, proposed by 

Lomakin et al. [52], allows for a drastic reduction of the switching field and precessional 

magnetic reversal, could largely enhance the writability of a patterning media [52, 53]. It 

can be concluded that the morphology of the graded films in this work is essentially 

determined by deposition temperature Td : a lower Td (≦ 400˚C ) will have the graded 

films to exhibit island-type structure while higher Td (> 400˚C ) changes the graded films 

into ledge-type and even network-type. Similar surface morphology evolution was found 

in our previous investigation. Nevertheless, change in surface morphology is caused by 

the increase in film thickness [54].  

The in-plane and out-of-plane hysteresis loops for the 5- and 10nm-thick hard 

and graded samples are plotted in Figs 4-15. Both types of films exhibit magnetically 

single-phase reversal behavior. A 5nm-thick hard layer shows a large perpendicular 

coercivity (Hc) of 20.0 kOe, high squareness ratio (S) of 0.89, and small in-plane 
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component in the loop as shown in Fig. 4-15(a), a typical feature for a strong 

(001)-textured FePt film. When the thickness of the hard layer is increased to 10 nm, 

Hc decreases to 15.6 kOe and the in-plane component significantly increases as 

revealed in Fig. 4-15(b), which corresponds to the degraded (001)-texture as observed 

in Fig. 4-11(b). Significant reduction in Hc is observed in all the graded films and the 

selected results are shown in Figs. 4-15(c) and (d) for Td = 300 and 400˚C, 

respectively. The relatively small in-plane hysteresis loops and unchanged anisotropy 

field manifest by the presence of good PMA. The obtained values of Hc are 7.2 kOe 

and 9.1 kOe for Td = 300 and 400˚C respectively. The graded films have smaller S in 

the range of 0.65 to 0.75, implying the tilting of the magnetic moment near the surface 

of the film. This reversible change in magnetization in the first (third) quadrant is due 

to the weak coupling between the bottom hard layer and the topmost part of the 

graded layer where the magnetic anisotropy is the smallest. The film with Td = 300˚C 

shows the most obvious tilting behavior (S = 0.65), causing the reversal behavior 

analogous to the exchange-spring films. In the film with Td = 350 and 400˚C, S 

increases to around 0.75, suggesting the enhancement of Ku in the Fe-rich graded layer. 

Figure 4-16 plots the dependence of the perpendicular coercivity (Hc⊥) as a 

function of Td. The value is normalized to the coercivity of 5nm-thick hard layer. 

Notably, Hc⊥ drops drastically by a factor of 2.8 after a graded layer is deposited at 
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300˚C. This reduction factor is larger than that in our previous study (Tg-FePt), which 

is 2.1 [54]. With further increase in Td, Hc⊥ slightly rises by about 9% and then 

declines again. This variation can be explained as follows. For hard layer, the coherent 

rotation of the highly ordered L10 single-domain island particles produces large Hc. At 

Td = 300˚C, the temperature is not high enough to enable the graded layer follow the 

(001) texture of the underneath hard layer to grow and trigger the interdiffusion 

between the hard and graded layers. The PMA of the Fe-rich layer is thus small; the 

difference in Ku values across the interface of the hard and graded layers is large, leading 

to magnetization reversal behavior similar to that of an exchange-spring film. When 

Td is increased to 350 and 400˚C, the formation of strong (001) texture (as confirmed in 

Fig. 4-12(b) and (c)) and onset of interdiffusion increase the magnetization alignment 

and create Ku gradation along the depth by forming gradient of Fe concentration. 

However, the competition between the improved (001) texture and the formation of 

graded Ku results in a slight increase in Hc⊥. As Td is further raised to 450˚C, 

extensive diffusion causes lateral growth of the grain, forming network-type 

morphology and large amount of misaligned grains. Most importantly, the intensive 

diffusion along depth changes the binary composition of the hard layer, seriously 

degrading the PMA of the hard layer, resulting in a low S of 0.6 and decreasing Hc⊥ 

(7.7 kOe) at 450oC. 
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Figure 4-17 shows the perpendicular hysteresis loops and recoil curves of 

5-nm-thick L10-FePt hard layer and Cg-FePt (Td = 350℃). Fig. 4-18 reveals the 

reversible and irreversible magnetization as a function of the applied reversal field (Hr) 

for L10-FePt and Cg-FePt. In the case of L10-FePt, upon removal of the applied field 

(Hr) during demagnetization process, only slightly increased magnetization can be 

found, indicating the switching mechanism is dominated by irreversible switching. On 

the other hand, for Cg-FePt, the magnetization increases sharply upon removal of the 

applied field. This increment in the magnetization is due to the presence of reversible 

magnetization switching. 

Families of FORCs and the corresponding FORC distribution are shown in Fig. 

4-19. A single and highly localized peak along with a pair of negative-positive tails 

was observed in the FORC distribution, suggesting the existence of both soft and hard 

phase. 

Figures 4-20 illustrates MFM images of the hard layer and graded samples. The 

domain size of the 5nm-thick hard layer, as shown in Fig. 4-20(a), is around 100 to 

140 nm, which exceeds the observed island size of 25-50 nm, suggesting the 

interaction domain structure. The contrast is relatively weak because of the small 

thickness. As the thickness of the hard layer is increased to 10 nm, the domain size 

slightly increases to 100-170 nm [Figs. 4-20(b)], which could be related to the growth 
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of the island-type grains. All the graded films [Figs. 4-20(c)-(f)] have similar domain 

pattern and the average domain size is close to that of the 10nm-thick hard layer. But, 

the contrast of the images of the graded samples is a little weaker and the boundaries 

of domains are broader. These features are closely related to the fact that the film has 

Ku gradation along the depth direction. And the tilt of the surface moment reduces the 

magnetic contrast and the reduced PMA near surface broadens the domain wall width. 

Even so, compared with the domain images of the graded films prepared by other 

methods, sharper contrasts are observed for the graded films herein, indicating 

improved PMA and better crystal alignment in this type of graded structure. 

Figure 4-21 shows the depth profile of Auger electron spectroscopy (AES) of the 

Cg-FePt samples with Td = 300, 350 and 400℃. It clearly reveals that the existing Fe 

composition gradient as Td ≦ 350℃. However, the great amount of Mg and O in 

FePt degrades the gradient performance due to the extensive diffusion. 

4-3 Pressure-graded FePt 

A 5 nm-thick FePt hard layer was initially deposited on glass substrates and then 

graded- FePt layers with each individual layer thickness of 1 nm were grown by 

following a graded-working pressure (Pw) sequence of 30, 20, 10, 7 and 3 mTorr. An 

under layer of 10-nm thick MgO grown at room temperature and post-annealed at 550

℃ was used to induce (001)-texture in FePt layer. The Pw-graded FePt layers were 
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fabricated with different deposition temperatures, Td of 300, 350, 400 and 450℃. 

Prior to discuss the performance of Pw-graded layers, it is important to understand the 

effect of Pw-sequence on the Ku variation. For this purpose, a series of FePt(5 nm)/ 

MgO(10 nm)/glass samples were deposited at 550℃ with Pw = 3, 10, 20 and 30 

mTorr and the results are presented in Fig. 4-22. It clearly indicates that in our studied 

range of Pw higher Pw results in larger Ku –indicating that Ku can be gradually 

controlled by varying Pw from 3 to 30 mTorr. Magnetic gradient has been also 

achieved in Co/Pd pressure-graded system [55]. The observed graded magnetic 

structure is believed due to a decrease in saturation magnetization for regions 

deposited at progressive higher working pressure. However, a different origin causes 

the dependence of Ku on the working pressure in our studied system. The increase of 

Ku is attributed to the improved chemical ordering Sord with higher working pressure 

Pw [56, 57]. 

Figure 4-23(a) reveals the XRD patterns of 5-nm thick L10-FePt and the 

FePt(Pw)-graded structures. It can be seen that the L10 (001) texture can be enhanced 

by MgO(200). The graded films at Td < 400℃ have strong (001) and (002) peaks –

indicating the presence of highly ordered L10 phase. However, the width of L10 (002) 

peak increased along with increasing (200) peak at Td ≥ 400℃. The increase in 

(200)-texture is accompanied with the lateral growth of FePt grains, the SEM images 
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will be shown in Fig. 4-24(e) and (f). 

The alignment of crystal axes was studied using the rocking curves of L10 (001) 

peak. The experimental data are shown in Fig. 4-23(b) and the full width at half 

maximum (FWHM) is obtained by fitting Gaussian function and the results are 

plotted as a function of Td in Fig. 4-23(c). For comparison, the value of FWHM for 

the single 5-nm-thick L10 FePt is also included in the figure. It is noted that the value 

of FWHM increase substantially from 3.1 to 3.9° as Td is increased from 300 to 400

℃ and then level off with further increasing Td. Only a small difference is found 

between those of the graded layers deposited at 300℃ and a single 5-nm-thick L10 

FePt layer. The increasing values of FWHM reflect a degraded (001)-texture with the 

deposition of graded layers at elevating Td. 

Figures 4-24(a) – (f) depict the SEM morphologies along with histograms 

showing grain-size distribution for the 5-nm- and 10-nm-thick L10-FePt hard layers 

and the FePt(Pw)-graded structures processed at Td = 300 - 450C, respectively. The 

5-nm-thick FePt hard layer shows an island-like morphology with grain size of 16 ± 7 

nm and average inter-granular distance of 10 nm, respectively (Fig. 4-24(a)). In 

contrast, for the 10-nm-thick FePt hard layer, both the grain size (38 ± 16 nm) and 

inter-granular distance (10-15 nm) were considerably increased (Fig. 4-24(b)). 

However, the FePt(Pw)-graded films follow the morphology of 5-nm-thick hard layer 
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until Td ≥ 400℃ (Figs. 4-24(c) - (d)). The size and its distribution are almost identical 

to those of 5-nm-thick FePt hard layer. It is worthy of mention that the total thickness 

of the FePt(Pw)-graded/FePt(5 nm) is 10 nm, but the grain sizes remain almost the 

same as that of only a 5nm-thick FePt hard layer. Furthermore, magnetic domains of 

island-type graded layer also follow their underneath L10-FePt hard layer [54, 58] 

(figures not shown here). As Td ≥ 400℃, the grains tend to connect with each other 

and become ledge- [44, 59] or even maze-like [60] morphology (Figs. 4-24(e) and (f)), 

wherein the graded films have a larger horizontal length than the underneath hard 

magnetic island structure. Additionally, a different size distribution is observed. 

Figures 4-25(a)-(d) represents the typical cross-sectional TEM images of 

5-nm-thick FePt hard layer and the FePt(Pw)-graded films grown at Td= 350 and 450

℃, respectively. As shown in Fig. 4-25(a), the interface of FePt/MgO is very smooth 

and FePt layer has distinct island structure with the lateral size of 15 nm, which is 

consistent with the SEM image (Fig. 4-24(a)). The magnified image of the 

dash-square region in Fig. 4-25(a) is displayed in Fig. 4-25(b). A good epitaxial 

growth initiating from the MgO layer and FePt grains grown on MgO with 

well-developed (001)-texture are observed. The planar spacing of FePt is found to be 

0.37 nm, which is in good agreement with the value of 0.37 obtained from XRD data. 

Also, the #43-1359 PDF data file gives 0.371 nm, close to our value. This result 
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further confirms that the FePt layer with the L10 phase is formed. It is noted in Fig. 

4-25(c) that the graded layers grown at Td = 350℃ also exhibits island-like 

morphology with (001)-texture and 0.37 nm-thick planar spacing, suggesting that 

graded FePt layers are epitaxially grown along the (001) orientation of 5-nm-thick 

L10-FePt hard layer. However, the interfaces between each graded layers in Pg-FePt 

film are difficult to identify, due to similar compositions in each Pg-FePt graded layer. 

Nevertheless, the top graded layers, 2 nm from the film surface and deposited at lower 

working pressures (3 and 7 mTorr), do not show clear layer structure. It implies that 

the reduction of ordering parameter occur with decreasing Argon pressure during film 

deposition thus causing the decline of Ku. Further increasing deposition temperature to 

Td = 450℃ (Fig. 4-25(d)) the grains tend to connect with each other, which confirms 

that the ledge-type morphology has a larger horizontal length than the underneath 

hard magnetic island structure. The top 2-nm region is no longer separated from the 

lower 3-nm region. But, the whole graded layers are distributed in random 

orientations with different values of planar spacing between 0.33 and 0.37 nm. 

Intensive and extensive interdiffusion along the film plane normal direction at higher 

deposition temperatures produces large amount of defects and lattice strain causing 

the worse performance of graded layer. 

Both in-plane and out-of-plane hysteresis loops for the 5nm-thick FePt hard layer 
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and the FePt(Pw)-graded films are illustrated in Figs 4-26(a)-(d), respectively. In order 

to demonstrate the coercivity reduction of the graded films, the scale of the applied 

field in Fig. 4-26(a) is different from those in Figs. 4-26(b)-(d). The FePt hard layer 

exhibits a large Hc⊥ of 20.0 kOe and high perpendicular anisotropy field of > 70.0 

kOe with a small in-plane magnetic component –which is a typical feature of 

L10-FePt with strong (001) texture. The graded samples deposited at Td = 300 and 350

℃ show a significant decrease in Hc⊥ from 20.0 to 5.1 kOe and both the films 

exhibit a similar magnetization reversal behavior (Fig. 4-26(b) and (c)), but quite 

different from that of a bare FePt hard layer. At a large field, all the magnetic 

moments are directed toward the saturation magnetization. When the field is 

decreased to the nucleation field (denoted by Hn in Fig. 4-26(b)) of the top soft layer, 

small reverse domains are nucleated. Subsequently, the magnetization reversal in the 

graded part is induced by the propagation of anti-parallel domain. So the magnetic 

moments of softest layer start to depart from the easy axis with reduction in applied 

field [39]. The switching of the upper part of the soft layer occurs at the applied field 

close to the soft layer anisotropy field [35]. The domain wall is then pinned near the 

hard/soft interface with a pinned field (Hp) [35]. As the field is further increased the 

domain wall in the soft layer is compressed and it penetrates more and more into the 

hard layer [35]. Once the applied field reaches 13.4 kOe the domain wall depins from 
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the hard/soft interface and propagates immediately through the entire hard layer [35]. 

With further increasing at Td ≧ 400 ℃ , a large in-plane component appears 

accompanied by an enhancement in in-plane Hc‖ as shown in Fig. 4-26(d).  

Figure 4-27 shows the dependence of the Hc⊥ as a function of Td for the 

FePt(Pw)-graded structures. The Hc⊥ values are normalized with respect to Hc⊥ of 

5-nm thick FePt hard layer. It can be noticed that the Hc⊥ drastically drop by a factor 

of 3.9 for the FePt(Pw)-graded layer deposited at Td ≦ 350℃ and these values tend 

increase gradually with further increase of Td. The decreasing and increasing trends 

with respect to Td can be explained as follows. When Td≦350℃, the formation of 

perpendicular graded structure leads to reduce Hc⊥ significantly (Fig. 4-26(b) and (c)). 

Besides, this film also exhibit minimal in-plane component. The diffusion process 

starts to occur when Td ≥ 400℃. As discussed previously the fct FePt (001) texture is 

destroyed and the graded behavior is degraded. When Td is further raised to 450℃, 

extensive diffusion causes lateral growth of the grain, forming network-type 

morphology and large amount of misaligned grains leading to worse performance of 

graded behavior. Additionally, the substantial reduction of Hc⊥ does not lead to the 

degradation of the thermal stability in our graded films prepared by gradient working 

pressure method. According to Sharrock [61], the dynamic coercivity Hc(t) as function 

of measuring time can be expressed by the following equation 
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where kB, T, Ku, V*, f0 and n are the Boltzmann constant, measuring  temperature, 

anisotropy energy constant, switching volume, attempt frequency and parameter n, 

respectively. Parameter n depends on the magnetization orientation with respect to the 

applied field and is normally taken to be 1.5. Performing the moment-decay 

measurements [62], the thermal stability factor (KuV
*/kBT) can be determined by 

fitting (4-9). The KuV
*/kBT value of 71 is obtained for the film with graded layers 

deposited at 300 ℃, which satisfies the requirement that the thermal stability of the 

recording medium should be in the range of 50-70 to keep the media noise within 

acceptable bounds [5, 7, 63]. Furthermore, even Td is increased up to 400℃, the 

thermal stability factor only drops to 61. 

Figure 4-28 shows the perpendicular hysteresis loops and recoil curves of 

5-nm-thick L10-FePt hard layer and Pg-FePt (Td = 350℃). Fig. 4-29 reveals the 

reversible and irreversible magnetization as a function of the applied reversal field (Hr) 

for L10-FePt and Pg-FePt. In the case of L10-FePt, upon removal of the applied field 

(Hr) during demagnetization process, only slightly increased magnetization can be 

found, indicating the switching mechanism is dominated by irreversible switching. On 

the other hand, for Pg-FePt, the magnetization increases sharply upon removal of the 

applied field. This increment in the magnetization is due to the presence of reversible 
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magnetization switching. 

Families of FORCs and the corresponding FORC distribution are shown in Fig. 

4-30. A single and highly localized peak along with a pair of negative-positive tails 

was observed in the FORC distribution, suggesting the existence of both soft and hard 

phase. This is the typical case for soft-hard coupled layers reported in the graded 

media [49]. 

4-4 Comparison of Three Systems 

All the three graded structures were essentially grown onto a 5-nm thick FePt 

hard layer, supported with 10-nm thick MgO underlayer. A temperature sequence of 

450, 350, 250, 150 C and RT; while a pressure sequence of 30, 20, 10, 7 and 3 mTorr 

with each layer of thickness of 1-nm were followed for Tg- and Pg-FePt films. In the 

case of Cg-FePt, layers with different Fe compositions: Fe63Pt37 (2 nm) and Fe73Pt27 (3 

nm) were considered for graded structures. 

4-4(a) Structure Analysis 

1. XRD Pattern and Texture Orientation 

For comparison, Fig. 4-31 shows the XRD patterns of different gradient systems. 

All of the three gradient systems display the strong (001) and (002) peaks, which 

indices the formation of a highly ordered L10 phase. 

Figure 4-32 displays the alignment of crystal axes using the rocking curves of 
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L10 (001) peak. The experimental data are shown in Fig. 32 (a) and the results of full 

width at half maximum (FWHM) are plotted for comparison. Pressure graded FePt 

shows the best (001) alignment among these three gradient systems. 

4-4(b) Microstructure Analysis 

1. SEM Morphology 

Figure 4-33 shows the SEM morphology and its grain size distribution. It is easy 

to find that grain size and separating distance are almost the same between different 

gradient systems. However, the island-grain-size-distribution of Cg-FePt films is the 

lowest one comparing to the other two gradient systems as shown in Fig. 4-34. 

Island-like morphology is achieved and maintained as tg ＜ 15 nm in Tg-FePt 

and Td ≦ 350℃ in both Cg- and Pg-FePt systems as shown in Fig. 4-35. The 

particles were connected to each other until tg = 15 nm in Tg-FePt and Td ＞ 350℃ 

in both Cg- and Pg-FePt systems. It suggests a ledge-type microstructure, where the 

graded layer has a larger horizontal length than the underlying hard magnetic islands. 

2. Cross-sectional TEM 

Related discussion was described in section 4-3. 

4-4(c) Magnetism Analysis 

Magnetic study reveals a significant reduction in Hc values with respect to 

L10-FePt hard layer as shown in Fig. 4-36. The Hc declines from 20 kOe for the 
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5nm-thick hard layer to 7.2 kOe for the graded films with tg = 5 nm in temperature 

graded films. Notably, Hc drops by a factor of 2.8 and maintains high 

magnetocrystalline anisotropy constant (Ku). Similarly, Hc declines to 7.8 and 6.1 

kOe in composition and pressure graded films, respectively. The Hc value drops 

drastically by a factor of 2.6 and 3.3, however it also maintains high Ku. 

Figure 4-37 shows the dependence of the perpendicular coercivity as a function 

of graded films thickness (tg) and deposited temperature (Td) in different gradient 

systems. This variation can be explained as follows. It is noted that the Hc value 

decrease substantially with tg in temperature graded films. Mainly, the Hc value drops 

drastically as Td ≦ 350℃ both in composition and pressure graded films. When Td 

is increased to 350 and 400˚C, the formation of strong (001) texture and onset of 

interdiffusion increase the magnetization alignment and create Ku gradation along the 

depth. However, the competition between the improved (001) texture and the 

formation of graded Ku results in a slight increase in Hc⊥. As Td ＞ 450˚C, extensive 

diffusion causes lateral growth of the grain, forming network-type morphology and 

large amount of misaligned grains. Most importantly, the intensive diffusion along 

depth changes the binary composition of the hard layer, seriously degrading the PMA 

of the hard layer. 

Figure 4-38 shows the perpendicular hysteresis loops and recoil curves of 
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5-nm-thick L10-FePt hard layer, Tg-FePt (tg = 5 nm), Cg-FePt (Td = 350℃), and 

Pg-FePt (Td = 350℃ ) films. Fig. 4-39 reveals the reversible and irreversible 

magnetization as a function of the applied reversal field (Hr) for L10-FePt, Cg-FePt, 

Tg-FePt, and Pg-FePt. In the case of L10-FePt, upon removal of the applied field (Hr) 

during demagnetization process, only slightly increased magnetization can be found, 

indicating the switching mechanism is dominated by irreversible switching. Both 

Tg- and Pg-FePt have the similar reversal behavior. On the other hand, for Cg-FePt, the 

magnetization increases sharply upon removal of the applied field (Fig. 4-39(a)). This 

increment in the magnetization is due to the presence of reversible magnetization 

switching arising from the non-coherent rotation [64]. 

The contour maps of FORC distribution are shown in Fig. 4-40. All of them have 

a single and highly localized peak along with a pair of negative-positive tails in the 

FORC distribution, suggesting the existence of both soft and hard phase. But only 

Pg-FePt is the typical graded-media due to the highly coupled reversal of soft and hard 

phases. 

4-5 Summary 

In Section 4-1: 

1. This study examined the structure and magnetic properties of FePt (001) 

island-like films on glass substrates when the films were coated with a graded 
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layer and a disordered FePt soft layer. 

2. Both graded and exchange-spring films have a significantly lower Hc, but 

only graded samples retain strong PMA due to the strong coupling between the 

layers. 

3. The Hc declines from 20 kOe for the 5nm-thick hard layer to 7.2 kOe for the 

graded films with tg = 5 nm. The graded film also exhibits magnetic reversal 

path that is similar to that prediction for graded media. 

4. The domain structure provides further evidence of the coupling configuration 

of the films.  

5. The results of our study confirm that a graded structure can effectively reduce 

the switching field and ensure sufficient PMA of a hard layer with island-like 

morphology, in agreement with theoretical studies. 

In Section 4-2: 

1. Island-like morphology is achieved after the introduction of 

compositional-variation graded layer.  

2. The introduction of compositional gradient is found to produce gradation of 

magnetic anisotropy. 

3. The coercivity can be significantly reduced to 2.6 times without significant 

sacrifice of anisotropy field. 
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In Section 4-3: 

1. Island-like morphology is achieved and maintained after the introduction of 

pressure-graded layer as Td ≤ 350℃.  

2. The pressure-graded films are found to also exhibit the graded media behavior. 

3. The coercivity can be significantly reduced to 3.3 times without significant 

sacrifice of anisotropy field. 

4. The result of FORC measurements clearly indicate the highly coupled reversal 

of soft and hard phases. 
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Table 4-1 Calculations for 
*

001I  and 
*

002I —theoretical integrated peak intensities for a 

fully ordered of L10-FePt films. 

 001 002 

2θ (°) 23.83 48.38 

fFe 21.61 16.74 

fPt 69.47 58.73 

F2 9162.32 22782.88 

Lorentz factor 5.994 1.6323 

Polarization factor 0.9184 0.7206 

M 0.0179 0.0706 

Temperature factor 0.9648 0.8683 

Fe)(



 (cm2/g) 304.4 

Pt)(



 (cm2/g) 198.2 

Fe (%) 25.92 

Pt (%) 74.08 

FePt  (g/cm3) 15.49 

FePt (cm-1) 3344.75 

Absorption factor 0.0161 0.0081 

Intensity 2501.19 730.13 

Order parameter 0.91 
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Table 4-2 Grain size diameter, nucleation field, perpendicular coercivity, and their 

corresponding FWHM values. 

 

Sample 

type 
Condition 

Grain 

diameter 

(nm) 

Hn 

(kOe) 

Hc⊥ 

(kOe) 

FWHM of 

(001)-rocking 

curve (°) 

Hard layer 5 nm 9-23 X 20.0 3.1 

Tg tg = 5 nm 10-20 +29.8 7.2 4.19 

Cg Td = 350℃ 14-22 +29.4 7.8 4.24 

Pg Td = 350℃ 12-24 +33.6 6.1 3.3 
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Fig. 4-1 Atomic scattering factors of Fe (a) and Pt (b) as a function of sinθ/λ. 
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Fig. 4-2 XRD patterns for the samples of (a) 5-nm-thick hard layer, graded films 

with tg = (b) 5, (c) 10, and (d) 15 nm, and hard/soft films with ts = (e) 5, (f) 10, and 

(g) 15 nm. (measured at National Synchrotron Radiation Research Center 

(NSRRC) beamline 17B in Hsinchu, Tawian) 
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Fig. 4-3 (001)-rocking curves of 5-nm-thick L10-FePt hard layer and the 

FePt(Tg)-graded layers grown at different tg: 5, 10, and 15 nm (a); and their 

corresponding FWHM values as a function of tg (b). 
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Fig. 4-4 SEM images for the samples of hard layer with thickness of (a) 5 and (b) 

20 nm, graded films with tg = (c) 5 and (e) 15 nm, and hard/soft films with ts = (d) 

5 and (f) 15 nm. The corresponding histograms are included in the inset of each 

figure. 
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Fig. 4-5 In-plane and out-of-plane hysteresis loops for the samples of (a) 

5-nm-thick and (b) 20-nm-thick hard layer, graded films with tg = (c) 5, (e) 10, and 

(g) 15 nm, and hard/soft films with ts = (d) 5, (f) 10, and (h) 15 nm. 
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Fig. 4-6 Hc⊥/Hc⊥,hard as a function of Td for the FePt(Pw)-graded films. 
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Fig. 4-7 Perpendicular hysteresis loops and recoil curves (measured by 

SQUID-VSM) of 5-nm-thick L10-FePt (a) and Tg-FePt with tg = 5nm (b). 



 

63 

 

 

 

 

 

 

  

Fig. 4-8 Reversible (a) and irreversible magnetization (b) as a function of the applied 

reversal field (Hr) for 5-nm-thick L10-FePt and Tg-FePt with tg = 5nm. 
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 Fig. 4-9 Families of FORC’s of Tg-FePt with tg = 5nm (a) and the corresponding 

FORC distribution (b). 
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  Fig. 4-10 MFM images for the samples of hard layer with thickness of (a) 5, (b) 

10, and (c) 20 nm, graded films with tg = (d) 5, (e) 10, and (f) 15 nm, and hard/soft 

films with ts = (g) 5, (h) 10, and (i) 15 nm. 
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Fig. 4-11 XRD patterns for the samples of hard layer with 5-nm-thick (a) and 

10-nm-thick. 
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Fig. 4-12 XRD patterns for the samples of graded films with Td = (a) 300, (b) 350, 

(c) 400 and (d) 450℃. 
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Fig. 4-13 (001)-rocking curves of 5-nm-thick L10-FePt hard layer and the 

FePt(Cg)-graded layers grown at different Td: 300, 350, 400, and 450℃ (a); and 

their corresponding FWHM values as a function of Td (b). 
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  Fig. 4-14 SEM images for the samples of hard layer with thickness of (a) 5 and (b) 

20 nm, graded films with Td = (c) 300, (d) 350, (e) 400, and (f) 450℃. The 

corresponding histograms are included in the inset of each figure. 



 

70 

 

 

  
Fig. 4-15 In-plane and out-of-plane hysteresis loops for the samples of (a) 

5-nm-thick and (b) 10-nm-thick hard layer, graded films with Td = (c) 300, (d) 

350, and (e) 400℃. 
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Fig. 4-16 Perpendicular coercivity, normalized to that of a 5nm-thick hard layer, as 

a function of Td. 
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Fig. 4-17 Perpendicular hysteresis loops and recoil curves (measured by 

SQUID-VSM) of 5-nm-thick L10-FePt (a) and Cg-FePt with Td = 350℃ (b). 
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Fig. 4-18 Reversible (a) and irreversible magnetization (b) as a function of the 

applied reversal field (Hr) for 5-nm-thick L10-FePt and Cg-FePt with Td = 350℃. 
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  Fig. 4-19 Families of FORC’s of Cg-FePt with Td = 350℃ (a) and the corresponding 

FORC distribution (b). 
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 Fig. 4-20 MFM images for the samples of hard layer with thickness of (a) 5, and 

(b) 10, graded films with Td = (c) 300, (d) 350, (e) 400, and (f) 450℃. 
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Fig. 4-21 The AES depth profile of graded films with Td = (a) 300, (b) 350, (c) and 

400℃. The vertical lines are the layer boundaries between each layer. 
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Fig. 4-22 Ku as a function of Pw for the MgO/FePt films. 
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Fig. 4-23 XRD patterns of 5nm-thick L10-FePt hard layer and the FePt(Pg)-graded 

layers grown  at different Td: 300, 350, and 400℃ (a); and their corresponding 

(001)-rocking curve (b) and FWHM values as a function of Td (c).  
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Fig. 4-24 SEM images of L10-FePt hard layer with two different thicknesses: (a) 5 

nm (b) 10 nm and the FePt(Pg)-graded structures grown at different Td: 300 (c), 350 

(d), 400 (e) and 450℃ (f). The corresponding histograms are included in the inset 

of each figure.
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Fig. 4-25 Cross-sectional TEM images of (a) 5nm L10-FePt hard layer, and (b) the 

magnified image from FePt/MgO interface in Fig. 6(a), the FePt(Pg)-graded films 

grown at different Td: (c) 350 and (d) 450℃. 
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  Fig. 4-26 In-plane and out-of-plane hysteresis loops for the samples of 5-nm thick 

FePt hard layer (a), and the FePt(Pg)-graded films grown at different Td: 300 (b), 

350 (c), 400℃(d). 
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Fig. 4-27 Hc⊥/Hc⊥,hard as a function of Td for the FePt(Pg)-graded films. 
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 Fig. 4-28 Perpendicular hysteresis loops and recoil curves (measured by 

SQUID-VSM) of 5-nm-thick L10-FePt (a) and Pg-FePt with Td = 350℃ (b). 
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Fig. 4-29 Reversible (a) and irreversible magnetization (b) as a function of the 

applied reversal field (Hr) for 5-nm-thick L10-FePt and Pg-FePt with Td = 350℃. 
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Fig. 4-30 Families of FORC’s of Pg-FePt with Td = 350℃ (a) and the corresponding 

FORC distribution (b). 
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Fig. 4-31 XRD patterns for the samples of (a) 5-nm-thick hard layer, graded films 

of Tg-FePt with tg = 5 nm (b), Cg-FePt deposited at Td = 350℃ (c), and Pg-FePt 

deposited at Td = 350℃ (d). 
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Fig. 4-32 (001)-rocking curves of 5-nm-thick L10-FePt hard layer and the Tg-FePt 

grown at tg: 5nm, Cg- and Pg-FePt grown at Td = 350℃ (a); and their corresponding 

FWHM values as a function of tg (b). 
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 Fig. 4-33 SEM images for the samples of hard layer with thickness of (a) 5 nm, 

graded films of Tg-FePt with tg = 5 nm (b), Cg-FePt deposited at Td = 350℃ (c), 

and Pg-FePt deposited at Td = 350℃ (d). The corresponding histograms are 

included in the inset of each figure. 
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Fig. 4-34 Grain size distribution of L10-FePt: 5nm (a), 10nm (b), 20nm (c); 

temperature graded FePt: tg = 5nm (d), 10nm (e), 15nm (f); composition graded 

FePt: Td = 300℃ (g), 350℃ (h); pressure graded FePt: Td = 300℃ (i), 350℃ (j), 

400℃ (k). 
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Fig. 4-35 Grain size distribution of island-like structure: L10-FePt, temperature 

graded FePt (Tg), composition graded FePt (Cg), and pressure graded FePt (Pg). 
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Fig. 4-36 Out-of-plane hysteresis loops for the L10-FePt and three graded FePt 

structures, with an insert shows their corresponding in-plane hysteresis loops. 
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  Fig. 4-37 Perpendicular coercivity as a function of Td (Cg and Pg). 
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Fig. 4-38 Perpendicular hysteresis loops and recoil curves (measured by 

SQUID-VSM) of 5-nm-thick L10-FePt (a), Cg-FePt (b), Tg-FePt (c), and Pg-FePt (d). 

The recoil curves were measured along the demagnetizing portion from H = －Hmax 

to H = 0 and back to H = －Hmax. 
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Fig. 4-39 Reversible (a) and irreversible magnetization (b) as a function of the 

applied reversal field (Hr) for L10-FePt, Cg-FePt, Tg-FePt, and Pg-FePt. 
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Fig. 4-40 FORC distribution of Tg-FePt (a), Cg-FePt (b), and Pg-FePt (c). 
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Chapter 5 

Conclusions 

1. Grain size and separating distance are almost the same between different gradient 

systems. However, the size distribution of composition graded film is the lowest 

one than the other two gradient system. 

2. In the opinion of switching field, pressure gradient media shows a larger reduction 

(- 3.3 times), a larger effect than in other two gradient system. 

3. Assuming the switching field is acceptable, temperature graded film is the 

optimum condition due to the maximum ratio of Hc⊥/Hc∥. 

4. Considering to reduce the switching field and magnetic reversal, Pg-FePt film may 

has the best gradient performance among these three structures. 
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